Because of a shift in the dominant deformation mechanisms, the strength/hardness of metals increases with decreasing grain size down to a critical value, then decreases with further grain refinement. Here, laminated structure with low-angle grain boundaries was found to have smaller critical size and enhanced strength when compared to the equiaxed grain structure, through a series of large-scale molecular dynamics simulations. Then, the corresponding atomistic mechanisms were investigated by checking and comparing the rotations of grains and equivalent strain partitioning in grain boundary atoms. In laminated structure, grain boundary activies were found to be promoted with decreasing lamellar thickness. More importantly, when compared to the equiaxed grain structure at the same length scale (lamellar thickness/grain size), grain boundary activities were found to be inhibited by the laminated structure, which is the main reason for the enhanced strength and the smaller critical size. Besides grain boundary activities, formation of extended dislocations, formation of deformation twins, partial dislocations interacting with formed TBs, partial dislocation blocking by and even transmission through low-angle grain boundaries were also found to play important roles in plastic deformation of nano-laminated structure. The current findings should provide insights for designing stronger and more stable nanostructured metals.
Introduction
High strength can be achieved in metals traditionally by introducing more grain boundaries (GBs) via grain refinement or by increasing dislocation density in grain interior [1] [2] [3] [4] [5] [6] [7] [8] . Because of a shift in the dominant deformation mechanisms from dislocationmediated plasticity to GB-associated plasticity, the strength/hardness of metals has been found to increase first with decreasing grain size down to a critical grain size (10-20 nm) , and then decrease with further grain refinement [1, 2, [9] [10] [11] [12] [13] [14] [15] . Moreover, a similar trend for twinboundary spacing (TBS) effect on the strength of nanotwinned (NT) metals was also found due to a transition of deformation mechanisms [16] [17] [18] [19] [20] .
The effects of length scale (layer thickness) on the strength of bi-metal multilayered laminates have also been studied from the micrometer to the nanometer range [21] [22] [23] [24] [25] [26] [27] . The strengthening effects as a function of layer thickness can be summarized as three mechanisms: (i) the dislocation pile-up mechanism from submicron to micron range; (ii) the confined layer slip mechanism from few nm to a few tens of nm range; (iii) the interface crossing mechanism for about 1-2 nm [21, 22] . The strength of bi-metal multilayered laminates increases with decreasing layer thickness in the range of the first two mechanisms and decreases with further reduced layer thickness in the range of the third mechanism. The strongest layer thickness in bi-metal multilayered laminates was found to be less than 5 nm [21, 22] , and this critical length scale is much smaller than the critical grain size observed for nanocrystalline metals. Recently, nanostructured metals with laminated grain structure (with aspect ratio ranging from a few to a few tens) and low-angle grain boundaries (LAGBs) could be produced by severe plastic deformation (SPD), such as accumulative roll-bonding (ARB) [3] , equal channel angular pressing/extrusion (ECAP/ECAE) [4, 28] , and surface mechanical grinding treatment (SMGT) [29] . These nanostructured metals with laminated grain structure were observed to be ultrahard and ultrastable [3, 4, 28, 29] , while the strongest critical lamellar thickness (the length scale controlling strength) and the underlying deformation mechanisms are still open to further investigations, especially when compared to the equiaxed grain structure.
Due to the inherent limitations, the strain rate is typically high (>10 carefully designed model system not only have been shown to be particularly useful for studying the plastic deformation mechanism (dislocation activities, GB sliding, GB migration and grain rotation) in nanostructured metals, in which the ''in-situ" deformation processes of the system and the stress and the strain distributions at atomic-level can be examined [9, 17, [30] [31] [32] [33] [34] [35] [36] , but also have proven to be useful for investigating the size effects (grain size/TBS) on the strength of nanostructured metals [9, 17] . In this regard, the focus of this paper is to find out and compare the strongest critical length scale (lamellar thickness/grain size) and the underlying atomistic deformation mechanisms for both laminated structure and equiaxed grain structure using a series of large-scale MD simulations.
Simulation procedures
The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code was used for the MD simulations. The force interactions between atoms were described by a widely used Ni EAM potential developed by Mishin et al. [37] . In order to explore the plastic deformation process of the laminated structure with large size (the maximum investigated lamellar thickness was 25 nm with aspect ratio of 10 in the present study), it is necessary to consider simulation cells larger than those possible in fully 3-dimensional systems. Quasi 3-dimensional simulations with a columnar grain structure were considered in this regard, very similar to the configuration proposed by Yamakov et al. [30] . As indicated in the previous research [17, 30] , the columnar model could also be used to investigate the size effects (grain size or twin boundary spacing) on the strength of nanostructured metals although all dislocation lines are constrained to be parallel to the columnar axis. The lamellar thickness for laminated structure is noted as k, while the grain size for equiaxed grains is noted as d here. The thickness direction (z direction) is along ½ 1 1 0 and contains 12 atomic planes. The relaxed Ni samples with laminated structure (lamellar thickness k = 10 nm) and equiaxed grains (grain size d = 10 nm) are shown in Fig. 1 which generates low-angle boundaries for all grains. The GBs were determined by Voronoi construction in the present study (in the laminated structures, the grain shape was determined only by surrounding four seeds instead of six seeds in the equiaxed grains). Also the dash lines are indications of the orientations of the two sets of {1 1 1} slip planes in each grain. In the present study, the atoms are painted with colors according to common neighbor analysis (CNA) values. The CNA is a very useful tool used in MD simulations which allows us to determine the local ordering and the defects in a given structure. Perfect fcc atoms are painted by gray color, hcp atoms are painted by red color and green color stands for other atoms which belong to GBs, dislocation cores, free surfaces or other defects. It should be noted that the LAGBs are actually dislocation walls consisting of discontinuous dislocations due to small misorientation angles. For laminated structure, eight samples with initial lamellar thickness of k = 5 nm, 7.5 nm, 10 nm, 12.5 nm, 15 nm, 17.5 nm, 20 nm, and 25 nm were simulated, and the aspect ratio was fixed at 10 (in the range of typical nano-laminates). The dimensions are 500 Â 50 Â When the lamellar thickness/grain size was changed, the same structure and the same crystallographic orientations of all grains were retained. Periodic boundary conditions were used in all three directions, and the tensile loading was along x direction. By the conjugate gradient method, the as-constructed samples were first subjected to energy minimization before the tensile loading, and then heated up to the desired temperature and finally relaxed by the Nose/Hoover isobaric-isothermal ensemble (NPT) under both the pressure 0 bar and the desired temperature (10 K) for 100 ps. A strain of 8% was applied to each sample (with a constant engineering strain rate of 5 Â 10 8 s À1 ) after the relaxation. In order to simulate the uniaxial loading, the pressures in the y and z directions were kept to zero during the tensile loading.
Results and discussions
In samples with equiaxed grains, the strength is determined by grain size. However, the lamellar thickness should be the controlling length scale for strengthening in samples with laminated structure (especially with large aspect ratio, such as 10 used in the present study). Fig. 2(a) and (b) shows the stress-strain curves for samples with laminated structure and equiaxed grains, respectively. Tensile stresses are observed to deviate from linear relationship with strain at a certain stress, which is an indication of onset of plastic deformation, and then gradually reach to a relatively steady-state value regardless of k/d.
It is typically more meaningful to compare the average flow stress over a certain plastic strain interval for illustrating the effect of k/d on the flow strength in MD simulations [9, 12, 17, 19] . In this regard, the average flow stress from a strain of 4.5-8% is plotted against k/d in Fig. 2(c) . It can be seen that the average flow stresses of both the laminated structure and the equiaxed grain structure first increase with decreasing k/d, reaching a maximum at a critical k/d, and then decrease when k/d becomes even smaller. As indicated from previous research [9, 12] , this behavior is due to a transition of dominant deformation mechanisms from dislocationmediated plasticity to GB-associated plasticity. It is also observed that the critical size k crit (12.5 nm) in the laminated structure is much smaller than the critical size d crit (20 nm) in the equiaxed grain structure. Moreover, the strength of the laminated structure was found to be higher than that of the equiaxed grain structure at the same length scale.
The observed flow stress behaviors and the mechanisms behind the plastic deformation can be disclosed through an atomistic analysis of the deformed configurations. First, the rotations of grains at a triple junction area were checked and compared at the same length scale for both the laminated structure and the equiaxed grained structure. For the same structure, the smaller the k/d, the larger the grain rotation, which is due to the increased GB activities associated with smaller k/d and a change in the dominant deformation mechanism as suggested in previous research [9, 12] , e.g., from dislocation-mediated dominating plasticity to GB-associated dominating plasticity. Of course, this is not a sharp transition, and even in the case of k/d = 5 nm, a few dislocation activities are still seen to occur and the simultaneous operations of two slip systems in each grain are usually required due to the deformation compatibility at GBs . More interestingly, much less grain rotations are observed for the laminated structure when compared to the equiaxed grain structure at the same length scale. This indicates that GB activities can be inhibited by the laminated structure at the samle length scale, which results in enhanced strength and smaller critial size, as shown in Fig. 2(c) .
In order to obtain the detailed strain distribution and the strain partitioning between GB atoms and non-GB atoms, a local equivalent strain was calculated using the atomic local strain tensor:
, where J 2 ðeÞ is the second deviatoric strain invariant. The local strain tensor is not too difficult to define when the reference state at 0% strain is known, which can be calculated as a best fit of the local affine transformation using the all local neighbor atom's information, through running a least-square fitting procedure [36, 38] . This equivalent strain contour and mapping are pretty useful in MD simulations, allowing us to directly not only obtain the strain partitioning but also visualize microstructure with color-encoding strain fields, such as dislocations, GBs, stacking faults (SFs), voids, and cracks [36, 38] . structure, respectively. Fig. 5(b) and (c) are the corresponding amplified configurations from Fig. 5(a) . The initial GB atoms at 0% strain are also shown separately by black color. The detailed observations are as follows: (i) two of slip planes are activated, which allows the emission and propagation of partial dislocations from one side of GBs to the opposite side, leaving SFs behind; (ii) large local strains are observed and accumulated at GB and SF areas; (iii) in the laminated structure, most of partial dislocations are absorbed and blocked by the horizontal lamellar boundaries, indicating the lamellar thickness to be the controlling length scale for strengthening; (iv) a small amount of dislocation transmissions across LAGBs are also observed in both the laminated structure and the equiaxed grain structure due to small misorientation angles. As suggested in previous research [39] , transmission of dislocations across the GB is a complicated process, including the incoming dislocations merging into the GB, dissociating into other dislocations in the adjacent grains, and leaving a GB dislocation and creating a step at the GB. Both experimental and atomistic simulation efforts have been reviewed recently to illustrate the details of slip transmission at GBs [40] , and three criteria have been proposed to predict the favorable slip system for slip transmission: (i) the slip system geometry approach (the angle between the incoming and outgoing slip planes in the adjacent grains across the GB should be as small as possible); (ii) the stressbased approach; (iii) and the residual GB dislocation-based approach [40, 41] . Based on the first criterion, LAGBs with small misorientation angles are more prone to dislocation transmission, which is consistent with the current results.
In order to obtain the plastic deformation, we relaxed the samples to zero stress after 8% tension, and then the average local equivalent plastic strains were obtained based on the relaxed configuration. Fig. 6 shows the average local equivalent plastic strains for all atoms and GB atoms in both the laminated structure and the equiaxed grain structure with the same length scale (k/d = 10 and 25 nm). It is shown that the average local equivalent plastic strains for both all atoms and GB atoms in the laminated structure are smaller than those in the equiaxed grain structure for both values of k/d (10 and 25 nm), indicating that the laminated structure is more effective in resisting plastic deformation. More importantly, the normalized average local equivalent plastic strain for GB atoms (e GB =e all ) in the laminated structure is also smaller than that in the equiaxed grain structure. e GB =e all is actually an indication of strain partitioning between GB atoms and non-GB atoms, and is a comparison between GB activities (GB sliding, grain rotation and atomic shuffling at GBs [42] ) and dislocation activities. So, Fig. 6 also indicates that GB activities can be inhibited by the laminated structure at the same length scale. Apparently, GB activities can be inhibited by the laminated structure at the samle length scale compared to the equiaxed grain structure, which is mainly due to the different grain structures and the defect structures at the boundaries. Moreover, according to previous research [22, 43, 44] , dislocations can not easily move from one layer to another layer in bi-metal multilayered system in spite of continuity of slip mostly due to the in-plane internal strains and stresses. These internal strains and stresses are induced by matching of the two adjacent lattices with misfit dislocations at the interfaces, and the maximum strength for interface crossing mechanism at the critical layer thickness is highly related to the internal stresses. In our case, LAGBs are actually dislocation walls with numerous misfit dislocations due to the small misorientation angles. These misfit dislocations at the interfaces of the laminated structure should create internal stresses at the long interfaces similar to the bi-metal multilayered system and the dependence of internal stresses on the lamellar thickness for the laminated structure should be more sensitive than the polycrystal model with randomly oriented equiaxed grains. As indicated [22, 43, 44] , one of important effects on strengthening derives from the internal strains and stresses, which gives another reason why the laminated structures possess enhanced strength compared to the equiaxed grain structure.
Besides GB activities, other atomistic deformation mechanisms are also shown in Fig. 7 for a typical laminated structure (k = 17.5 nm). The overall simulated deformation pattern at the overall tensile strain of 8% is shown in Fig. 7(a) . Fig. 7(b) -(e) displays the corresponding amplified configurations from Fig. 7(a) showing the various deformation mechanisms other than GB activities. Two snapshots at different strains were given to show the dynamic process for some of deformation mechanisms. It can be summarized as follows: (i) partial dislocations nucleated from GBs are absorbed and blocked by the lamellar boundaries or interact with SFs from other slip planes (the dominating deformation mechanisms, Fig. 7(b) ); (ii) formation of deformation twins and partial dislocations from other slip systems interact with the formed TBs (Fig. 7(c) and (e)); (iii) nucleation of extended dislocations and point defects inside grain interior (Fig. 7(d) ); (iv) partial dislocation transmission through LAGBs as observed from the local equivalent strain contours (Fig. 5(b) and (d) ). According to previous research [20, 45] , the SFs as well as dislocation locks associated with dislocation/SF reactions could be generated by the first deformation mechanism (the dominant one), those locks are immobile and cause the work hardening. The second deformation mechanism also generates SFs and dislocation locks, causing the work hardening, except these locks are associated with dislocation/TB interactions instead of dislocation/SF reactions [20, 45] .
Of course, some deformation behaviors (such as diffusion effects) might be limited due to the short time scale in MD simulations. Thus, one can not directly compare the stress-strain response from MD simulations with the experimental curves due to the strain rate effects. However, the strengths for different grain sizes/TBS based on MD simulations only can be compared, and the size effects on the strength of nanostructured metals [9, 17] could be investigated by MD simulations when the simulation cells are carefully designed and the same crystallographic orientations of all grains are retained. Thus, the MD simulations might provide insights for experiments. As indicated in previous research [40, 41] , LAGBs are less effective in resisting plastic deformation than high-angle grain boundaries (HAGBs) due to the higher possibility for dislocation transmission. However, from previous experimental results [29] , the hardness of the nano-laminated Ni was found to lie on the extrapolated Hall-Patch line based on other experimental data by taking the lamellar thickness as the equivalent grain size, indicating that the nano-laminated boundaries with LAGBs are as effective in strengthening as the conventional HAGBs in equiaxed nano-grains. Combining these two observations together, one conclusion can be easily drawn that the laminated structure should have enhanced strength compared to the equiaxed grain structure when both structures have LAGBs and the same length scale, which is consistent with our results and validates our simulation results.
Concluding remarks
In the present study, a series of large-scale MD simulations have been conducted to find out the critical length scale and the underlying atomistic deformation mechanisms for both the laminated structure and the equiaxed grain structure. The main findings are summarized as follows:
(1) The laminated structure was found to be more effective in resisting plastic deformation. Smaller critical size and enhanced strength were observed in the laminated structure when compared to the equiaxed grain structure. (2) GB activities were found to be inhibited by the laminated structure at the same length scale by checking the rotations of grains and the equivalent strain partitioning in GB atoms. The laminated structure is also found to be more mechanical stable. (3) Besides GB activities, formation of extended dislocations, formation of deformation twins, partial dislocations interacting with formed TBs, partial dislocation blocking by and even transmission across LAGBs were also found to play important roles in plastic deformation of the nanolaminated structure.
The results in the present paper should provide insights to design the microstructures for reinforcing the mechanical properties in nanostructured metals.
